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Evolution of gene function
Microarray
Müller glia
Photoreceptorne Sox9 plays various roles in development, including differentiation of the
skeleton, gonads, glia, and heart. Other functions of Sox9 remain enigmatic. Because Sox9 protein regulates
expression of target genes, the identiﬁcation of Sox9 targets should facilitate an understanding of the
mechanisms of Sox9 action. To help identify Sox9 targets, we used microarray expression proﬁling to
compare wild-type embryos to mutant embryos lacking activity for both sox9a and sox9b, the zebraﬁsh co-
orthologs of Sox9. Candidate genes were further evaluated by whole-mount in situ hybridization in wild-type
and sox9 single and double mutant embryos. Results identiﬁed genes expressed in cartilage (col2a1a and
col11a2), retina (calb2a, calb2b, crx, neurod, rs1, sox4a and vsx1) and pectoral ﬁn bud (klf2b and EST
AI722369) as candidate targets for Sox9. Cartilage is a well-characterized Sox9 target, which validates this
strategy, whereas retina represents a novel Sox9 function. Analysis of mutant phenotypes conﬁrmed that
Sox9 helps regulate the number of Müller glia and photoreceptor cells and helps organize the neural retina.
These roles in eye development were previously unrecognized and reinforce the multiple functions that Sox9
plays in vertebrate development.
© 2009 Elsevier Inc. All rights reserved.IntroductionHaploinsufﬁciency for SOX9 results in the human disease
campomelic dysplasia (CD), a syndrome characterized by skeletal
abnormalities and male-to-female sex reversal (Foster et al., 1994;
Wagner et al., 1994). This clinical phenotype shows that Sox9
function is important for skeletal development and male sex
differentiation, and these processes have been foci of Sox9 research
(Bi et al., 1999; Marshall and Harley, 2000; Vidal et al., 2001). CD
patients show various other clinical features, including micrognathia,
cleft palate, hypoplastic lungs, defects in olfactory tissues, and heart
and renal malformations (Houston et al., 1983). Most patients die in
early infancy because of respiratory problems, and some survivors
show hearing loss and myopia (Mansour et al., 2002). These
descriptions identify various essential functions of SOX9, for example,
in neural crest cells (NCC), heart, lung, ear, and other tissues.
Intensive analyses of Sox9 using conditional knockout mice and
other model organisms have also assigned functions to Sox9,
including the differentiation of neural crest cells (Spokony et al.,ostlethwait).
l rights reserved.2002; Mori-Akiyama et al., 2003; Saint-Germain et al., 2004; Cheung
et al., 2005; Sakai et al., 2006), glial cells in the spinal cord (Stolt et
al., 2003), paneth cells in the intestine (Bastide et al., 2007; Mori-
Akiyama et al., 2007), notochord (Barrionuevo et al., 2006), heart
valves (Akiyama et al., 2004; Lincoln et al., 2007), pancreas
(Seymour et al., 2007), otic vesicle (Barrionuevo et al., 2008) and
gonad (Chaboissier et al., 2004). Sox9 is now recognized as a multi-
functional gene that plays essential roles in various tissues during
vertebrate development.
Sox9 encodes a transcription factor of the Sry-related HMG box
(Sox) family that binds to cis-regulatory DNA elements to control the
transcription of down-stream target genes. Genes shown to be
regulated by Sox9 include Col2a1 and Col11a2 in the skeleton and
Amh/Mis in the gonad (Bell et al., 1997; Lefebvre et al., 1997; Ng et al.,
1997; Bridgewater et al., 1998; De Santa Barbara et al., 1998; Arango et
al., 1999; Bi et al., 1999). Recent microarray analysis using cultured
human cells revealed that the calcium binding proteins S100A1 and
S100B are transcriptional targets of SOX9 and its coactivators SOX5
and SOX6 (Saito et al., 2007). Given the multi-functionality of Sox9,
however, most of its targets remain unidentiﬁed. Identiﬁcation of Sox9
target genes will improve our understanding of the biological
mechanisms by which Sox9 functions to regulate development.
Zebraﬁsh has two copies of Sox9, called sox9a and sox9b (Chiang
et al., 2001). These co-orthologs of mammalian Sox9 resulted from a
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segregated from the tetrapod lineage and before the diversiﬁcation
of teleost ﬁsh (Amores et al., 1998; Postlethwait et al., 1998; Taylor et
al., 2003; Jaillon et al., 2004). After the genome duplication event,
duplicate gene copies often evolved in a paralog-speciﬁc manner
involving, at least in part, subfunction partitioning (Force et al., 1999;
Postlethwait et al., 2004). The expression patterns of sox9a and
sox9b overlap in some regions and are gene-speciﬁc in other
domains, and the sum of their expression patterns is similar to the
mouse Sox9 expression pattern (Chiang et al., 2001; Cresko et al.,
2003; Yan et al., 2005).
The zebraﬁsh mutation jellyﬁsh (jef), which disrupts sox9a, causes
skeletal defects due to abnormal cartilage formation (Yan et al., 2002).
The zebraﬁsh sox9b deletion mutant shows reduction of cartilage, and
the sox9a;sox9b double mutant shows more severe defects revealing
synergistic, additive and redundant functions of the two zebraﬁsh co-
orthologs of Sox9 (Yan et al., 2005). The partitioning of Sox9
subfunctions between the two zebraﬁsh co-orthologs facilitates the
analysis of Sox9 functions that were difﬁcult to analyze in mammals
due to pleiotropy (Yan et al., 2005). In mouse, heterozygous mutants
(Sox9+/−) showed skeletal abnormalities and cleft palate, and die
perinatally because of haploinsufﬁciency, as do most human CD
patients (Bi et al., 2001); thus, homozygous mutant mouse embryos
are not available. Fortunately, tissue-speciﬁc conditional knockout
systems allow the investigation of Sox9 function in speciﬁc tissues
(Kist et al., 2002; Chaboissier et al., 2004). But if Sox9 acts in a tissue
that has not been examined by tissue-speciﬁc knockouts, we will not
learn the full role of Sox9 in development. Making use of the zebraﬁsh
sox9a and sox9b mutants, whose heterozygotes are viable and fertile,
we performed microarray analysis to compare the expression proﬁle
between homozygous mutant and wild-type embryos. Microarray is a
powerful technique that enables us to conduct a genome wide
screening of changes in gene expression between different biological
groups, however at the same time, any detected changes in gene
expression may be due to secondary effects, including indirect non-
cell-autonomous effects.
We evaluated potential Sox9 targets identiﬁed by microarray by
comparing the expression patterns of putative targets with the
expression patterns of sox9a and sox9b. We also tested for reduced
expression of putative targets in sox9 mutant embryos by in situ
hybridization. Validated downstream candidate targets of sox9
included previously known targets such as collagen type II alpha-1a
(col2a1a) and collagen type XI alpha-2 (col11a2) (Bell et al., 1997;
Lefebvre et al., 1997; Ng et al., 1997; Bridgewater et al., 1998; Bi et al.,
1999), and novel targets, including cone rod homeobox (crx), reti-
noschisis 1 (rs1), calbindin 2 (calb2) genes and other genes expressed
in developing retina. The demonstration that sox9b mutant embryos
have eye defects supports the role of sox9 candidate targets. Sox9 is
expressed in the retina of developing mouse embryos (Ihanamäki et
al., 2002), but its function in the vertebrate retina has not been
characterized. Thus, microarray analysis using zebraﬁsh mutants
coupled to mutant phenotypes, uncovered a previously unidentiﬁed
function of Sox9. We also present here the detailed analyses of eye
defects observed in the sox9b mutants and show the importance of
Sox9 in retinal differentiation.
Materials and methods
Zebraﬁsh
Zebraﬁsh were maintained under standard conditions (Wester-
ﬁeld, 2000) and embryos were staged as described (Kimmel et al.,
1995). The sox9a mutation jeftw37, the sox9b deletion mutant b971,
and the sox9atw37;sox9bb971 double mutant stock have been described
previously (Piotrowski et al., 1996; Yan et al., 2002; Yan et al., 2005).
Embryos were collected from matings of sox9a;sox9b double hetero-zygotes. At 2 days post fertilization (dpf), sox9b mutant embryos are
distinguished from wild-type embryos by a curly tail phenotype, and
sox9a;sox9b double mutant embryos are distinguished by lack of otic
vesicles, while sox9a mutant embryos are morphologically indistin-
guishable from wild-type embryos until 3 dpf. All work with
vertebrate animals was approved by the University of Oregon
Institutional Animal Care and Use Committee.
We use nomenclature conventions suggested by ZFIN (http://zﬁn.
org/zf_info/nomen.html): for example, SOX9 for the human gene,
Sox9 for the mouse gene, sox9a and sox9b for the zebraﬁsh genes, and
Sox9 for the protein.
RNA extraction
Total RNA was extracted from embryos using TRI reagent
(Molecular Research Center, Inc. Cincinnati, OH). RNA quantity was
measured using NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmingon, DE). Approximately 1 μg of total RNA was
extracted from individual embryos at 2 dpf.
Microarray analysis
Zebraﬁsh DNA microarray containing 16,399 65-mer oligonucleo-
tides representing 16,228 gene clusters and 171 control features was
kindly provided by Steve Johnson and John Rawls (Rawls et al., 2004).
Microarray information is available at the NCBI Gene Expression
Omnibus database (GEO; http://www.ncbi.nlm.nih.gov/geo/), plat-
form: GPL7556. The gene clusters arise from various developmental
stages and organs, including maternal RNAs, shield, early gastrulation
and segmentation stage, and various adult tissues and organs,
including brain, heart, kidney, retina, ovary and testis.
For each experiment, 20 μg of total RNA from wild-type or mutant
embryos was used to synthesize cDNA labeled with Cy3 or Cy5-dUTP
(PerkinElmer, Boston, MA) using SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, CA). The Cy3 labeled cDNAwas mixed with Cy5
labeled cDNA and puriﬁed with QIAquick PCR puriﬁcation kit (Qiagen,
Valencia, CA), dried in a speed vac (Savant, Farmingdale, NY) and
resuspended in hybridization buffer (50% formamide, 5×SSC, 1% SDS,
1 mg/ml calf thymus DNA). After denaturing, labeled cDNA was
applied onto themicroarray and coveredwith a coverslip, incubated in
a hybridization chamber (Corning, Acton, MA), and hybridized in a
42 °C water bath overnight. Following the hybridization, the
microarray was washed with an SSC series and dried by centrifuga-
tion. The microarray was immediately scanned using Genepix 4000B
scanner (Axon Instruments, Molecular Devices, Sunnyvale, CA). Three
sets of experiments with dye-swap, in total six hybridizations, were
conducted using independently isolated RNA samples from three
different sets of animals as biological replicates. Each microarray was
scannedwith two or three different laser intensities, depending on the
variation in signal intensities, to recover data of wider range of gene
expression. Raw data were submitted to the GEO (Gene Expression
Omnibus) database under accession number: GSE13482.
GenePix Pro 3.0 image analysis software (Axon Instruments) was
used to measure ﬂuorescence signal intensities of the array elements.
Ratios were normalized to the overall difference in signal intensities
from each channel. Microarray data were transferred to Microsoft
Excel, which was also used for calculations and data sorting. The
“Median of Ratios” (MR, themedian of Cy3 and Cy5 ratios taken across
the array element) was used for the analyses. Eachmicroarray has two
or three scan results (MRs) obtained with different laser intensities,
fromwhich the “Median of theMR” (MeMR) and the “Maximumof the
MR” (MaMR)were calculated (Supplementary Tables S1–3). Data from
each hybridizationweremerged and sorted according to theMedian of
the MeMR (Supplementary Table S4). The probability of rejecting the
hypothesis that gene expression was not changed between wild-type
and mutant (log2=0) was calculated by two tailed Student's t-test
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of the summary result of the microarray. The results from each single
experiment (MeMR and MaMR) and scanned images were also
considered. Genes that showed inconsistent results in the dye-swap
experiment were removed from further analyses.
Cloning of candidate genes and whole-mount in situ hybridization
Candidate genes were cloned by RT-PCR, except for klf2b, which
was kindly provided by Bruce Barut and Len Zon (Oates et al., 2001),
and calb2a and calb2b, which were obtained from the I.M.A.G.E.
Consortium ESTcollection (http://image.llnl.gov/). PCR primers were
designed based on previous descriptions or genome information from
the Ensembl database (http://www.ensembl.org/Danio_rerio/index.
html) (Flicek et al., 2008).
PCR primers were: collagen 11a2_F; 5′-CGGACCACCTGGACCTCCAG
and collagen 11a2_R; 5′-GCTCCACCTGAGGTGTGTTC, crx_F; 5′-
TCCCGCTCCTGTCCGGTCTT and crx_R; 5′-CCTCTGTACGTGTTCAGTCA,
crystallin alpha a_F; 5′-AGCCTCCTACTTGCGTTCAG and crystallin alpha
a_R; 5′-GCCAGATATACACTGACACC, crystallin beta b1_F; 5′-CACCATGTCT-
CAGACCGCCA and crystallin beta b1_R; 5′-TTGAAGCATCCGCGCTGGTG,
crystallin gamma m2c_F; 5′-CTCCAGCCATGCACGGAAAG and crystallin
gamma m2c_R1; 5′-CTATGATACGCCTCATGCTCA, retinoschisis 1_F; 5′-
GCAGGATCTGTGGCTTCAGA and retinoschisis 1_R; 5′-GTTGTCTCTCAGG-
TAAGCCA, sox4a_F; 5′-CAGTCGTCTAAACCTACCGC and sox4a_R; 5′-
ACCTCTGGTGTGCAGTAGTC, syndecan2_F;5′-CTCCACGACAGACGACCTGT
and syndecan 2_R; 5′-GGAGTTTGTCGTAGTCACTG, vsx1_F; 5′-GGAAGA-
GAAGAAGCTACAGAT, and vsx1_R; 5′-TCCTTGTACAGCACGTGCTC,
unknown ESTs, AI585100_F; 5′-ACTTCAGAAGGTGCAGGAGA and
AI585100_R; 5′-ACAGAACGGGTACTCCGAGG, AI722369_F; 5′-ATGACCAT-
TATGGACAGTCT and AI722369_R; 5′_TGTCTCTCCATGAACCTCTG,
AI942960_F; 5′-GGCAACCCTAACAGCACAGA and AI942960_R; 5′-GACAT-
CACACCTGCACGGTT, AW777642_F; 5′-GTTGTACCTCAACGTTGTGG and
AW777642_R; 5′-TCATGGCAGAATCTGTCAAC.
PCR products were cloned into pCR4-TOPO vector (Invitrogen).
DIG-labeled RNA probe was synthesized with T3 or T7 RNA
polymerase (Promega, Madison, WI). Whole-mount in situ hybridiza-
tion was performed as described in Yan et al. (2005).
Phylogenetic analysis
Amino acid sequences were aligned using CLUSTAL X (Thompson
et al., 1997) and the alignment was further checked by eye using
Seaview software (Galtier et al., 1996). A neighbor-joining (NJ) tree
(Saitou and Nei, 1987) was plotted using NJplot (Perrière and Gouy,
1996).
Sectioning of the whole-mount in situ samples and in situ hybridization
on sections
Samples from whole-mount in situ hybridization were embedded
in parafﬁn and sectioned in the Histology Facility of the University of
Oregon. In situ hybridization on cryosections were performed as
described (Rodríguez-Marí et al., 2005).
Immunohistochemistry and confocal observation
Retinal Müller glial cells were labeled by anti-carbonic anhydrase
antibody 1:200 (Jensen et al., 2001), the photoreceptor layer was
labeling using zpr-3 antibody 1:200 from the Zebraﬁsh International
Resource Center (ZIRC) (Jensen et al., 2001), and amacrine cells
were labeled by anti-GABA antibody 1:1000 (Sigma Cat# A2052)
(Sandell et al., 1994). Nuclear layers of the retina were stained by
the nuclear dye TO-PRO-3 iodide (Invitrogen, Cat#: 642/661).
Fluorescent images were analyzed using Bio-Rad Radiance 2100MP
confocal microscope system.Results
Identiﬁcation of Sox9 down-stream targets
To identify genes under control of Sox9 during vertebrate
embryogenesis, we compared the gene expression proﬁle of wild-
type and sox9a;sox9b double mutant zebraﬁsh embryos at 2 dpf using
a zebraﬁsh oligonucleotide microarray (Rawls et al., 2004). The 2 dpf
time point is late enough so that double mutant embryos are
morphologically distinguishable from wild-type and single mutant
embryos, but early enough so thatmost secondary effectswill not have
yet takenplace; nevertheless, some secondary downstream genesmay
also be detected because sox9 genes express as early as 1 dpf (Chiang et
al., 2001). The microarray represents 16,228 gene clusters from EST
collections of various embryonic stages and a variety of adult organs,
including brain, eye, heart, kidney, liver, testis and ovary. To minimize
erroneous expression results, three sets of experimentswith dye-swap
were conducted using independently isolated RNA samples. Datawere
analyzed and sorted with GenePix Pro software and Microsoft Excel,
and candidates were picked according to the criteria described in
Meterials and methods. The raw data of each hybridization can be
found in the GEO database (http://www.ncbi.nlm.nih.gov/geo/)
under accession number: GSE13482. Because Sox9 is a transcription
activator (Südbeck et al., 1996), we focused on genes that are down-
regulated in mutant embryos.
The b971 mutant allele of sox9b used in this study deletes sox9b
and some surrounding genes including sox8 (Yan et al., 2005).
Because the morpholino knock down of sox9b phenocopies the
sox9b971 defects, the phenotype observed in sox9b971 at this develop-
mental stage is due solely to loss of sox9b function (Yan et al., 2005).
The sox8 gene is not expressed at this time in development (Yan et al.,
2005). The Ensembl zebraﬁsh genome database (http://www.
ensembl.org/Danio_rerio/index.html) (Flicek et al., 2008) was used
to evaluate the genomic position of candidate genes. Although pvalb1
(parvalbumin 1) and pvalb4, pvalb8 consistently appeared as down-
regulated genes, they are removed by the sox9b971 deletion (Supple-
mentary Table S5), and so are excluded from the candidates.
To test whether candidates derived from the microarray analysis
were valid, we utilized in situ hybridization in wild-type and mutant
embryos to evaluate potential Sox9 targets. We cloned the following
candidate genes: calbindin 2a (calb2a), calbindin 2b (calb2b), collagen
type II alpha-1a (col2a1a), collagen type XI alpha-2 (col11a2), cone rod
homeobox (crx), crystallin alpha A (cryaa), crystallin beta B1 (crybb1),
crystallin gamma M2c (crygm2c), kruppel like factor 2b (klf2b),
neurod, retinoschisis (X-linked, juvenile) 1 (rs1), sox4a, syndecan 2, vi-
sual system homeobox 1 (vsx1) and unknown ESTs, AI585100,
AI722369, AI942960 and AW777642. The expression of candidate
genes was compared among wild-type, sox9a mutant, sox9b mutant
and sox9a;sox9b double mutant embryos at 2 dpf, the same stage used
for the microarray analysis. We describe below genes identiﬁed in the
microarray experiments whose expression change was veriﬁed in
sox9 mutant embryos. Candidate genes could be categorized into two
major groups: skeletogenesis and retinal development (Table 1).
col11a2 expression is regulated by both zebraﬁsh Sox9 co-orthologs
The collagen genes col2a1a and col11a2 showed 3.148 and 1.983
times higher expression in wild-type compared with double mutants,
respectively, and dye-swap experiments conﬁrmed results. Because
their mouse orthologs are known as direct targets of Sox9 (Bell et al.,
1997; Lefebvre et al., 1997; Ng et al., 1997; Bridgewater et al., 1998; Bi
et al., 1999; Liu et al., 2000), and because col2a1a expression is known
to be reduced in sox9mutants (Yan et al., 2005), these results validate
our experimental strategy. Here, we tested whether col11a2 is a target
of sox9a and/or sox9b by analyzing the expression of col11a2 in wild-
type and sox9 mutants.
Table 1
Candidate genes for down-stream targets of sox9a and sox9b in zebraﬁsh.
Protein type Expression Ref
ID Gene name ZFIN ID Chr PA Eye Brain Others Fig
Transcription factor
BF938407 crx ZDB-GENE-010403-1 5 + + Figs. 2, 5 1, 2
AF025348 vsx1 ZDB-GENE-990415-205 17 + Figs. 2, 4, 5 3, 4
AF036148 neurod ZDB-GENE-990415-172 9 + + Figs. 2, 5 5, 6, 7
BI840999 sox4a ZDB-GENE-030131-8290 19 + + Figs. 2, 5 8, 9, 10
AF392995 klf2b ZDB-GENE-011109-2 2 PF Fig. 7 11, 12
Cell–cell interaction
BG308285 rs1 ZDB-GENE-040801-171 N.A. + Figs. 2, 4, 5 10
Extra cellular matrix
AF192763 col11a2 ZDB-GENE-000208-23 19 + Fig. 1 N.A.
U23822 col2a1a ZDB-GENE-980526-192 8 + Fig. 5 13, 14
Others
BM070961 calb2a ZDB-GENE-040426-1668 7 + + Figs. 3–5 9, 10
AW077148 calb2b ZDB-GENE-040426-1677 18 + + Figs. 3–5 9, 10
Unknown EST
AI722369 Unknown Not available N.A. PF, M Fig. 7 N.A.
Chr, Chromosome location; PA, Pharyngeal arch; Ref, References; PF, Pectoral ﬁn; M, Muscle; N.A., not available.
1, (Liu et al., 2001); 2, (Shen and Raymond, 2004); 3, (Passini et al., 1997); 4, (Passini et al., 1998); 5, (Korzh et al., 1998); 6, (Mueller and Wullimann, 2002); 7, (Ochocinska and
Hitchcock, 2007); 8, (Mavropoulos et al., 2005); 9, (Rauch et al., 2003); 10, (Thisse and Thisse, 2004); 11, (Oates et al., 2001); 12, (Thisse et al., 2001); 13, (Yan et al., 1995); 14,
(Yan et al., 2005).
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was expressed in neurocranial cartilages (eg. ethmoid plate),
pharyngeal cartilages (eg, mandibular cartilage), otic vesicle, and
pectoral ﬁn bud (Figs. 1A, E). In sox9a mutants, expression of
col11a2 disappeared from the neurocranium and pharyngeal arches,
and was reduced in the opercle (Figs. 1B, F). This expression pattern
was consistent with the previously described sox9a mutant
phenotype in which all neurocranial cartilage elements and most
pharyngeal arch cartilages were missing from sox9a mutants;Fig. 1. Differential regulation of col11a2 expression by sox9a and sox9b. (A–D) Lateral view an
(ethmoid plate, arrowhead), pharyngeal arches (mandibular and ceratohyal, arrows), otic
arches was lost in the sox9amutant (B, F). In the sox9bmutant, expression disappeared from
(C, G). Expression almost disappeared in sox9a;sox9b double mutant embryos (D, H). At 2dpf,
in locations corresponding to col11a2 expression (I), but sox9bwas only expressed in mandib
conﬁrmed microarray results showing that col11a2 is down-regulated in sox9 mutant embr
manner according to sox9 expression patterns. ch, ceratohyal; ep, ethmoid plate; ma, manddermal bone elements, however, were present but small in sox9a
mutant embryos (Piotrowski et al., 1996; Yan et al., 2002, 2005).
The expression of col11a2 was also affected in sox9b mutants, but in
a fashion different than in sox9a mutants: col11a2 expression was
greatly reduced in the mandibular and ceratohyal cartilages in
sox9b mutants, but was retained in the ethmoid plate and
trabeculae of the neurocranium (Figs. 1C, G), consistent with the
sox9b mutant phenotype (Yan et al., 2005). In sox9a;sox9b double
mutants, expression of col11a2 disappeared in all neurocranial andd (E–H) ventral view of 2 dpf embryos. Expression of col11a2 appeared in neurocranium
vesicle and in the pectoral ﬁn bud (A, E). Expression in neurocranium and pharyngeal
the pharyngeal cartilages, but expression in the neurocranium (arrowhead) remained
sox9awas expressed in the neurocranium (arrowhead) and pharyngeal arches (arrows)
ular and ceratohyal (arrows), not in the ethmoid plate and trabeculae (J). These results
yos, and revealed that sox9a and sox9b regulate col11a2 expression in a tissue speciﬁc
ibular; ov, otic vesicle; op, opercle; pf, pectoral ﬁn bud.
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double mutants (Yan et al., 2005), col11a2 expression in the otic
vesicle vanished in sox9a;sox9b double mutant embryos. Expression
of col11a2 in the pectoral ﬁn bud was greatly reduced in the sox9a;
sox9b double mutant (Figs. 1D, H).
Expression patterns of the two zebraﬁsh sox9 genes can help
explain the observed phenotypic differences between the sox9a and
sox9b mutants: at 2 dpf, sox9a is expressed in the ethmoid plate,
mandibular and ceratohyal (Fig. 1I), whereas sox9b is expressed in the
mandibular and ceratohyal cartilages, but not in the ethmoid plate
(Fig. 1J). These expression patterns are consistent with the col11a2
expression phenotype in the mutants: col11a2 expression in the
neurocranium depends on sox9a function, but expression in the
pharyngeal cartilages depends on both sox9a and sox9b. We conclude
that both sox9a and sox9b regulate col11a2 in a tissue-speciﬁc fashion
related to the sox9 genes' expression domains. Thus, the regulatory
relationship between Sox9 and Col11a2 is conserved from teleost ﬁsh
to mammals.
Regulation of retinal genes by Sox9
A group of genes expressed in the eye was down regulated in
mutant embryos at 2 dpf. Because the size of the eye was reduced in
sox9b and sox9a;sox9b double mutant embryos compared to wild-
type and sox9amutant embryos, we sought to test the hypothesis that
sox9b is required for eye development.
crx
In situ hybridization experiments showed broad expression of crx
throughout wild-type retinas at 2 dpf (Fig. 2A). The expression of crx
was severely affected in retinas of sox9b mutants and sox9a;sox9b
double mutant embryos (Figs. 2B, C), except for a small patch of cells
in the ventral part of the retina (Figs. 2B, C). Crx is a member of the
otd/Otx family of paired-like homeobox genes and is essential for
retinal photoreceptor cell differentiation and maintenance in mouse
(Furukawa et al., 1997, 1999). Zebraﬁsh crx is expressed in the
epiphysis and in proliferating retinal progenitors (Liu et al., 2001) and
may function in the differentiation of photoreceptors and other cells of
the retina (Shen and Raymond, 2004).
rs1
In wild-type embryos (Fig. 2D), rs1 was expressed strongly
throughout the entire retina (Thisse and Thisse, 2004). In contrast,
in sox9b mutants and double mutants (Figs. 2E, F), rs1 expression
was retained only in the ventral part of the retina in the same
domain as found previously for crx (Figs. 2E, F). Rs1 is a secreted
protein with putative functions in cell adhesion and/or signaling
(Wu et al., 2005; Molday et al., 2007). Mutations in the human RS1
gene cause X-linked retinoschisis (OMIM +312700), a disease
involving intraretinal splitting due to degeneration (Sauer et al.,
1997). Zebraﬁsh rs1 was cloned in the Zebraﬁsh Gene Collection
Project (ZGC) (GenBank accession number: BC076183), and the ZFIN
database reported its expression pattern to include a few cells in
branchial arches, epiphysis, and dorsal telencephalon in addition to
the retina (Thisse and Thisse, 2004).
vsx1
Consistent with previouswork (Passini et al., 1997,1998), we found
expression of vsx1 in the developing retina of wild-type embryos (Fig.
2G). In the retina of sox9b and sox9a;sox9b double mutant embryos,
expression of vsx1 was down-regulated, with the dorsal and caudal
portions of the eye most severely reduced (Figs. 2H, I). Vsx1 is a
paired-like homeobox protein, ﬁrst isolated from goldﬁsh retina
(Levine et al., 1997). Gene knockout analyses in mouse showed that
Vsx1 is required for retinal cone bipolar cell differentiation (Chow et
al., 2004; Ohtoshi et al., 2004).neurod
Our in situ hybridization analyses (Fig. 2J) conﬁrmed that neurod is
expressed in both outer and inner nuclear layers of the retina and in
the telencephalon in wild-type embryos (Korzh et al., 1998; Mueller
and Wullimann, 2002; Rauch et al., 2003; Ochocinska and Hitchcock,
2007). Expression of neurod in the retina was severely reduced in
sox9b and sox9a;sox9b double mutant embryos (Figs. 2K, L). Because
the expression of neurod was normal in the telencephalon, we
conclude that sox9b is important for neurod expression in the retina
but not in other parts of the nervous system. NeuroD is a basic helix–
loop–helix (bHLH) transcription factor that can convert epidermal
cells into neurons (Lee et al., 1995) and activate insulin gene
transcription (Naya et al., 1995; Chae et al., 2004).
sox4a
Our results conﬁrmed expression of sox4a in the retina and
developing brain of wild-type embryos (Fig. 2M) (Rauch et al., 2003;
Thisse and Thisse, 2004), but showed that sox4awas not expressed in
the retina of sox9b mutants and sox9a;sox9b double mutants; in
contrast to the retina, expression of sox4a in the telencephalon and
diencephalonwas not affected in mutant animals (Figs. 2N, O). Sox4 is
a Sox family transcription factor belonging to the SoxC group (Sox4,
-11, and -12), while Sox8, -9, and -10 are in the SoxE group (Bowles et
al., 2000). Sox4 is required for development of lymphocytes, heart and
pancreas (Schilham et al., 1996; Ya et al., 1998; Wilson et al., 2005).
Zebraﬁsh has two co-orthologs of Sox4 called sox4a and sox4b, that
appear to have evolved in a duplication event at the base of the teleost
radiation (Mavropoulos et al., 2005). In zebraﬁsh, sox4a is widely
expressed in the central nervous system including telencephalon,
diencephalon, midbrain, rhombomeres, and retina (Rauch et al., 2003;
Thisse and Thisse, 2004).
These expression results show that the full retinal expression of
crx, rs1, vsx1, neurod and sox4a depends on sox9b but not sox9a
function. This conclusion is consistent with the expression pattern of
zebraﬁsh sox9a and sox9b: at 2 dpf, sox9b is expressed in the ciliary
marginal zone of the retina (Figs. 2S, T) but sox9a is not (Figs. 2P, Q)
(Chiang et al., 2001; Cresko et al., 2003; Yan et al., 2005).
Co-orthologs of Calb2 are down-regulated in the sox9b mutant retina
The calcium binding proteins calbindin 2a (calb2a, previously
known as calb2 or calretinin) and its closely related paralog calbindin
2b (calb2b, previously known as calbindin 2-like) were down-
regulated in sox9b and sox9a;sox9b double mutant embryos. These
two genes have not previously been well characterized in zebraﬁsh.
Our phylogenetic analysis showed that Calb2a and Calb2b proteins
branch as sisters of the tetrapod Calb2 clade with high bootstrap
support (Fig. 3A).
To evaluate the evolutionary origin of the zebraﬁsh calb2 genes, we
analyzed conserved synteny around calb2a and calb2b using our
orthology and conserved synteny database based on reciprocal best
blast hit (RBH) analysis (Catchen et al., 2008). Red dots in Fig. 3B
represent the chromosomal positions of zebraﬁsh orthologs of a 20
Mb segment of human chromosome 16 (Hsa16) surrounding the
CALB2 gene. Orthologous chromosome segments appear as clusters of
red dots. This analysis showed that a chromosomal segment of
zebraﬁsh chromosome 7 (Dre7) around calb2a and a segment of
Dre18 around calb2b correspond to duplicated copies of the region
surrounding CALB2 in Hsa16 (Fig. 3B). These results show that calb2a
and calb2b are co-orthologs of tetrapod Calb2 and likely arose in the
genome duplication that preceded the teleost radiation (Amores et al.,
1998; Postlethwait et al., 1998; Jaillon et al., 2004).
Our expression analysis showed that in wild-type embryos, calb2a
was expressed in the retina and in neurons of the cranial ganglia and
in rhombomeres of the hindbrain (Fig. 3C), conﬁrming directly
submitted data in ZFIN (Rauch et al., 2003; Thisse and Thisse,
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Fig. 3. Candidate target genes calb2a and calb2b are co-orthologs of tetrapod Calb2 and their expression was lost in the sox9b mutant retina. (A) Phylogenetic analysis of Calbindin
family proteins using the neighbor-joining method. Numbers on the branches are bootstrap values for the group in a thousand runs. Zebraﬁsh Calb2a and Calb2b branched together
as co-orthologs of tetrapod Calb2 with very high bootstrap support. Ascidian Calbindin-related protein was used as an outgroup. Cin: ascidian, Ciona intestinalis; Dre: zebraﬁsh,
Danio rerio; Hsa: human, Homo sapiens; Mmu: mouse, Mus musculus. NCBI accession numbers, Hsa_CALB1; NP_004920, Mmu_Calb1; NP_033918, Dre_Calb1; XP_00134160,
Hsa_CALB2; NP_001731, Mmu_Calb2; NP_031612, Dre_Calb2a; NP_957005, Dre_Calb2b; NP_957012, and Ensembl peptide ID, Cin_Calb-r; ENSCINP00000011776. (B) A conserved
synteny around Human CALB2 on Homo sapiens chromosome 16 (Hsa16) with zebraﬁsh calb2a on Danio rerio chromosome 7 (Dre7) and calb2b on Dre18. Red dots represent
zebraﬁsh genes orthologous to human genes in the position 60–80 Mb of Hsa16. Dorsal view of calb2a (C–E) and calb2b (F–H) expression. Expression of calb2a appeared in the
retina, cranial ganglia and hindbrain neurons (C). Expression in the retina was not observed in sox9b mutants (D) and double mutants (E), but other expression domains were not
affected, demonstrating speciﬁcity (D, E). The expression of calb2b was observed in the olfactory placode, tegmentum and ganglion cell layer (F). Expression in the retina was not
detected in sox9b mutants (G) and double mutants (H), but expression in the other tissues was not affected (G, H). These results showed that zebraﬁsh calb2a and calb2b are co-
orthologs of the vertebrate Calb2 gene, that they are differently expressed in retina, and that both genes depend on sox9b function. cg, cranial ganglia; gcl, ganglion cell layer; op,
olfactory placode; r, retina; tg, tegmentum.
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the retina, in the olfactory placode, tegmentum, midbrain-hindbrain
boundary (MHB) and ventral hindbrain (Fig. 3F), which conﬁrms data
in ZFIN (Rauch et al., 2003; Thisse and Thisse, 2004). Both calb2 genes
were expressed in developing retina, but their expression patterns
differed: calb2a was expressed widely in the retina including the
ganglion cell layer, but calb2bwas expressed only in the ganglion cell
layer of the retina (Figs. 3C, F). In other parts of the nervous system,Fig. 2. Expression of candidate sox9 down-stream targets analyzed by in situ hybridization a
left. Lateral views of crx (A–C), rs1 (D–F) and vsx1 (G–I) show that they are strongly expres
layer. Expressionwas severely reduced in sox9bmutants and double mutants; only a small ve
rs1 (E, F), and ventro-nasal expression in the retina (white arrowhead) was observed for vsx1
outer nuclear layer and inner nuclear layer of the retina and telencephalon (J) and sox4a expr
neurodwas reduced in sox9b and double mutant embryos, but the expression in the telencep
sox4a in the retina was lost in sox9bmutants and double mutants, whereas expression in tele
T), but not sox9a (P, Q), was expressed in retina, consistent with the reduced gene expressi
expressed in the inner nuclear layer (R), and sox9b is expressed in ciliary marginal zone (U)
down-regulated in sox9bmutant embryos, and revealed that sox9b is required for expression
onl, outer nuclear layer; pa, pharyngeal arches; r, retina; t, telencephalon; tc, tectum.calb2a was expressed in cranial ganglia and rhombomeres of the
hindbrain, whereas calb2b was expressed in the olfactory placode,
tegmentum, MHB and ventral hindbrain. In mouse, high-throughput
gene expression analyses by RNA in situ hybridization showed that
Calb2 is expressed in developing retina, olfactory bulb, tegmentum
andhindbrain (Visel et al., 2004) (Gene ExpressionData inMGI,Mouse
Genome Informatics website: http://www.informatics.jax.org/).
Although description of the Calb2 expression pattern in mouse is notnalysis in 2 dpf embryos, the same stage as used for microarray analysis. Anterior to the
sed in developing retina; crx and rs1 but not vsx1 were expressed in the outer nuclear
ntral-nasal patch of retinal expression (black arrowhead) was detected for crx (B, C) and
(H, I). Ventral view of neurod (J–L) and sox4a (M–O) showing neurod expression in the
ession in inner part of retina, telencephalon and diencephalon (M). Retinal expression of
halon was not affected in these mutants, demonstrating speciﬁcity (K, L). Expression of
ncephalon and diencephalon was not affected in the mutants (N, O). At 2 dpf, sox9b (S,
on pattern shown above. Lateral view (P, S) and ventral view (Q, T). At 68 hpf, sox9a is
. These results conﬁrmed the microarray result that crx, rs1, vsx1, neurod and sox4a are
of these candidate genes in retina at 2 dpf. cmz, ciliary marginal zone; d, diencephalon;
Fig. 4. Candidate genes were expressed in different layers in the developing retina. (A–
C), vsx1; (D–F), rs1; (H–I), calb2a; (J–L), calb2b. Expression of vsx1 was observed in the
outer part of the inner nuclear layer (A). Expressionwas reduced especially in the dorsal
part in sox9b mutants (B) and double mutants (C). In wild-type embryos, rs1 was
expressed in the outer part of the inner nuclear layer and in the outer nuclear layer (D).
In sox9b mutants and sox9a;sox9b double mutant embryos, expression was severely
reduced or nearly gone except for the ventral ciliary marginal zone (E, F). Expression of
calb2a was observed in the inner nuclear layer (G) and calb2b was expressed in the
ganglion cell layer (J). In each case, expression was severely reduced in sox9b mutants
(H, K) and sox9a;sox9b double mutant embryos (I, L). White bar in (A, D), inlo, outer
part of inner nuclear layer; yellow bar in (D), onl, outer nuclear layer; green bar in (G),
inl, inner nuclear layer; orange bar in (J), gcl, ganglion cell layer.
8 H. Yokoi et al. / Developmental Biology 329 (2009) 1–15detailed enough to know its cellular distribution within the retina, this
domain appears to be ancient and conserved in mouse Calb2 and
partitioned into zebraﬁsh co-orthologs calb2a and calb2b.
Expression analysis in sox9 mutant embryos veriﬁed our micro-
array results. In sox9b mutants and in sox9a;sox9b double mutants,
calb2a expression did not appear in the eye, although other calb2a
expression domains, including the cranial ganglia and rhombomeres
of the hindbrain, were not affected (Figs. 3D, E). Likewise, in sox9b
mutant embryos and in sox9a;sox9b double mutant embryos, calb2bFig. 5. Expression of candidate genes in retina at 3 dpf. In situ hybridization on histologica
mutant), calb2b (Ba–Bd), crx (Ca–Cd), neurod (Da–Dd), rs1 (Ea–Ed), sox4a (Fa–Fd), vsx1 (Ga
inner nuclear layer (Aa); calb2bwas expressed in the ganglion cell layer and a cell populatio
the inner nuclear layer and outer nuclear layer (Ca); neurodwas expressed in the outer nucl
outer part of the inner nuclear layer and the outer nuclear layer (Ea); sox4awas expressed in
of the inner nuclear layer (Ga). The ciliary marginal zone did not express calb2a, calb2b, neuro
ventral marginwas reduced for all seven genes. The expression of sox4a in the inner nuclear l
mutants (Fa–Fd). Expression of col2a1a appeared in iris (Ha), and was not affected in sox9 m
cmz, ciliary marginal zone; gcl, ganglion cell layer; inl, inner nuclear layer; inli, inner part of iexpression was missing from the retina, although other expression
domains were not affected (Figs. 3G, H).
These results show that sox9b regulates expression of both calb2a
and calb2b in the developing retina. As mentioned above, calb2a and
calb2b are teleostﬁsh co-orthologs of the tetrapodCalb2 gene. Although
the expression patterns of calb2a and calb2b have diverged, expression
of both genes in the retina depends on sox9b, suggesting that this
relationship likely existed in the pre-duplication ancestral gene.
sox9b controls genes expressed in several retinal layers
As Figs. 2 and 3 show, a number of genes expressed in the retina
were down-regulated in sox9bmutants. To learnwhich speciﬁc retinal
cell types are regulated by Sox9, we investigated detailed expression
domains in tissue sections. In wild-type embryos, vsx1 was expressed
in the outer part of the inner nuclear layer (Fig. 4A), but in sox9b
mutants and in sox9a;sox9b double mutants, the expression domain
was reduced dorsally (Figs. 4B, C). Expression of rs1 was observed in
the outer part of the inner nuclear layer and the outer nuclear layer in
the wild-type retina (Fig. 4D), while in mutant embryos, rs1
expression was reduced (Fig. 4E) or not detected (Fig. 4F). Expression
of calb2awas observed in the inner nuclear layer (Fig. 4G) and calb2b
was expressed in the ganglion cell layer (Fig. 4J). These expression
domains were both severely reduced in mutant embryos with a small
portion of ventral expression occasionally remaining (Figs. 4H, I, K, L).
These results show that sox9b plays important roles in several
different retinal cell layers, including the ganglion cell layer, inner
nuclear layer and outer nuclear layer.
Retinal differentiation in zebraﬁsh sox9 mutants in later development
Expression proﬁling of wild-type and sox9a;sox9b double mutants
identiﬁed seven genes expressed in the developing retina as down-
stream of Sox9 and hence potentially early Sox9 targets. As shown
previously, sox9b is expressed in the developing eye by 24 hpf (Chiang
et al., 2001; Cresko et al., 2003; Yan et al., 2005), and continues to be
expressed in the retina at 2 dpf (Figs. 2S, T), so it is reasonable to
conclude that Sox9 functions in retinal differentiation by regulating
down-stream target genes in the zebraﬁsh embryo.
To learn how mutant phenotypes change after 2 dpf, we
examined the expression of putative sox9 targets in 3 dpf embryos.
At 3 dpf, calb2a was expressed in the ganglion cell layer and inner
nuclear layer (Fig. 5Aa), and calb2b was expressed in the ganglion
cell layer and in certain cells in the inner nuclear layer of wild-type
embryos (Fig. 5Ba). The expression of neither calb2a nor calb2b was
affected in sox9a mutants, but expression of both genes was
reduced in the dorsal and ventral retina in sox9b mutants and in
sox9a;sox9b double mutants (Figs. 5Ac, Ad, Bc, Bd). The outer and
inner nuclear layers both expressed crx (Fig. 5Ca). In sox9b mutants
and sox9a;sox9b double mutants, the same layers expressed crx, but
expression was reduced in the most dorsal and most ventral
expression domains (Figs. 5Cc, Cd). Expression of neurod was
observed in the outer nuclear layer and in a few cells in the inner
nuclear layer (Fig. 5Da), as previously reported (Ochocinska and
Hitchcock, 2007). Expression of neurod was not affected in sox9a
mutants (Fig. 5Db), but expression of neurod in the outer nuclear
layer was less clear in sox9b and sox9a;sox9b double mutants,l sections with calb2a (Aa, wild-type; Ab, sox9a mutant; Ac, sox9b mutant; Ad, double
–Gd) and col2a1a (Ha–Hd). Expression of calb2a appeared in the ganglion cell layer and
n in the inner part of the inner nuclear layer (Ba); crxwas expressed in the outer part of
ear layer and a cell population in the inner nuclear layer (Da); rs1 was expressed in the
a cell population in the inner nuclear layer (Fa); and vsx1was expressed in the outer part
d, rs1 or sox4a (asterisk). In sox9b and double mutants, expression in dorsal margin and
ayer was stronger in sox9b and sox9a;sox9b double mutants than inwild-type and sox9a
utant embryos (Hb–Hd). No obvious defect was observed in the sox9a mutant retina.
nner nuclear layer; inlo, outer part of inner nuclear layer; ir, iris; onl, outer nuclear layer.
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10 H. Yokoi et al. / Developmental Biology 329 (2009) 1–15perhaps because retinal layers did not form properly in these
mutants (Figs. 5Dc, Dd). The outer and inner nuclear layers both
expresed rs1, except for the ciliary marginal zone (Fig. 5Ea). The
expression was reduced only in the dorsal-most and ventral-most
expression domains in sox9b mutants and in sox9a;sox9b double
mutants (Figs. 5Ec, Ed). Expression of sox4a appeared in a
proportion of inner nuclear layer cells and in some cells in the
dorsal and ventral parts of the ganglion cell layer in wild types and
sox9a mutants (Figs. 5Fa, Fb). In sox9b and double mutants,
however, sox4a expression in the inner nuclear layer appeared to
be a bit stronger than in the wild-type retina (Figs. 5Fc, Fd),
suggesting an expansion of the sox4a+ cell type. Sections showed
that vsx1 was expressed in the inner nuclear layer (Fig. 5Ga), but
expression in the dorsal and ventral parts of the retina was reduced
in sox9b and in sox9a;sox9b double mutants (Figs. 5Gc, Gd).
Expression of col2a1a, a known target of Sox9 in cartilaginous tissue,
appeared in the iris (Fig. 5Ha). In contrast to cartilaginous tissue, co-
l2a1a expression in the iris was retained in sox9a mutants, sox9b
mutants, and in sox9a;sox9b double mutant embryos (Figs. 5Hb, Hc,
Hd). These results showed that the regulatory relationship ofFig. 6. Fluorescent antibody staining of retinal cell types in wild-type and sox9 single and do
generally similar to that in wild-type siblings. In contrast, sox9b mutants and sox9a;sox9b d
type siblings and sox9a mutants. (A, E, I, M) Retinal Müller glial cells labeled by anti-carbon
fewer Müller glial cells compared to wild-types (A) and sox9a (E) siblings. (B, F, J, N) Photor
present in sox9b mutants (J) and sox9a;sox9b double mutants (N) compared to wild-type (B
(TO-PRO-3 iodide) showed that all the nuclear layers were present in sox9mutants. (D, H, L,
amacrine cells labeled by anti-GABA: green, photoreceptor cell labeled by zpr-3: red, and n
showed that sox9a mutants (R), sox9b mutants (S) and sox9a;sox9b double mutants (T)
siblings (Q). Scale bar: 100 μm.Sox9→Col2a1 that is well established for cartilage does not hold for
the iris.
Taken together, expression analysis on tissue sections suggest that
sox9b, but not sox9a, is required for retinal development. The
requirement for Sox9 is most evident around 2 dpf and becomes
milder at 3 dpf in sox9b mutants and in sox9a;sox9b double mutants,
suggesting that other gene(s) can partially compensate for the lack of
sox9b function on the expression of the candidate genes at 3 dpf.
Because candidate genes expressed in or near the ciliary marginal
zone were sensitive to loss of sox9b function at 3 dpf, sox9b may
function in cell proliferation and/or retinal layer organization.
Independent of the microarray analysis, we had noticed that sox9b
mutants have smaller eyes than wild types. We investigated eye
development in wild-types and in sox9a, sox9b and double mutants to
elucidate the function of Sox9 in retinal differentiation in larval ﬁsh. By
5 dpf, most cell types in the retina have already differentiated (Fadool
and Dowling, 2008). Antibody staining for speciﬁc cell layers revealed
that cells expressing the Müller glial cell marker carbonic anhydrase
(Figs. 6A, E, I, M) (Jensen et al., 2001) and the photoreceptor cell
marker zpr-3 (Figs. 6B, F, J, N) (Jensen et al., 2001) are reduced inuble mutant larvae. (A–P) 5 dpf and (Q–T) 4 dpf. Eye morphology in sox9amutants was
ouble mutants had smaller eyes and eye morphology was less organized than in wild-
ic anhydrase showed that sox9b mutants (I) and sox9a;sox9b double mutants (M) had
eceptor cells labeled by zpr-3 showed that fewer and thinner photoreceptor cells were
) and sox9a (F) siblings. (C, G, K, O) Nuclear layers of the retina stained by nuclear dye
P) green: anti-carbonic anhydrase, red: zpr-3, and blue: nuclear staining. (Q–T) Retinal
uclear layers of the retina staining by nuclear dye (TO-PRO-3 iodide): blue. The results
have fewer organized amacrine cells and photoreceptor cells compared to wild-type
Fig. 7. Expression of candidate genes in the pectoral ﬁn bud. (A, B) Lateral view and (C,
D) dorsal view of klf2b expression. In wild-type embryos, klf2b was expressed in the
mesenchyme of the pectoral ﬁn bud and in the adjacent cleithrum (A, C). Expression in
the pectoral ﬁn bud was not detected in double mutants (B, D). Expression of klf2b in
the cleithrumwas not affected in the mutant. Expression of EST AI722369 was observed
in the presumptive muscle in the pectoral ﬁn bud (E). AI722369 expression did not
appear in sox9a;sox9b double mutant embryos (F). Lateral view of sox9a (G) and sox9b
(H) expression. At this stage, sox9awas expressed in an L-shape in the pectoral ﬁn bud
(G), and sox9b expression appeared more broadly in the pectoral ﬁn bud (H). cl,
cleithrum; co, scapulocoracoid; ed, endochondral disc; pf, pectoral ﬁn bud.
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sox9b double mutants (Figs. 6I, J, M, N). In contrast, sox9a mutant
retinas had no obvious defects, even though sox9a is expressed in the
inner nuclear layer at 68 hpf (Fig. 2R). These results on 5dpf animals
show that sox9b is required for differentiation of the Müller glial cell
layer and photoreceptor cell layer in zebraﬁsh. Glial cells are required
for proper migration of neurons, so the disorganized retina might be
secondary due to a primary defect inMüller glial cells. Sox9 is involved
in glial cell development in mouse spinal cord (Stolt et al., 2003), and
here we showed that sox9b is required for retinal Müller glial cells.
Although different glial types are involved, the role of Sox9 in glial cell
development may be conserved between Müller glia and glia of the
central nervous system.
Expression of klf2b and EST AI722369 in the pectoral ﬁn bud disappeared
in sox9 mutants
The microarray experiments showed that klf2b was down
regulated 2.344 fold in double mutants. Expression of klf2b was
observed in the central mesenchyme of the pectoral ﬁn bud and in the
adjacent cleithrum of the shoulder girdle (Figs. 7A, C), as previously
described (Oates et al., 2001; Thisse et al., 2001). In double sox9
mutants, expression of klf2b in the ﬁn bud disappeared but expression
in the cleithrum was not affected (Figs. 7B, D). Consistent with these
defects, sox9a and sox9b were expressed in the pectoral ﬁn bud, but
the cleithrum expressed neither sox9a nor sox9b (Yan et al., 2005).
This result is consistent with the appendage defect observed in the
sox9 mutant pectoral ﬁn: only the cleithrum was retained while
other ﬁn structures were greatly reduced in sox9a;sox9b double
mutants (Yan et al., 2005).
An EST of unknown function (AI722369) was 5.673 times down
regulated in double mutant embryos. The AI722369 nucleotide
sequence has more than 98% identity over about 500 nucleotides to
sequences assigned to at least ﬁve different chromosomes in the
Ensembl genome database, suggesting that related sequences are
dispersed in the zebraﬁsh genome. AI722369 is similar to the
uncharacterized human hypothetical protein LOC100131068. Despite
appearing to be a repeated element, AI722369 was expressed in a
strongly speciﬁc manner in time and space: in the pectoral ﬁn bud in
two parallel domains in the position of presumptive pectoral ﬁn
muscle (Fig. 7E). Furthermore, AI722369 expression disappeared from
sox9a;sox9b double mutants (Fig. 7F), suggesting that it is down-
stream of Sox9 activity. In the wild-type pectoral apparatus, sox9a is
expressed strongly in the scapulocoracoid of the pectoral girldle but
was weaker in the blade of the ﬁn bud and did not appear in the
cleithrum of the pectoral girdle. Reciprocally, sox9b is expressed
strongly in the chondrogenic core of the ﬁn bud but not in the
scapulocoracoid or the cleithrum of the pectoral girdle (Yan et al.,
2005) (Figs. 7G, H). In sox9a;sox9b double mutants, both the
scapulocoracoid and the extension of the ﬁn bud are missing or
severely reduced (Yan et al., 2005). We conclude that the reduced
expression of klf2b and AI722369 in mutant embryos arises from ﬁn
bud hypogenesis downstream of Sox9 and so these genes may not be
direct targets of Sox9.
Discussion
Because Sox9 encodes a transcription factor that functions by
regulating the transcription of down-stream target genes, the
identiﬁcation of targets is an appropriate way to understand the
various roles of Sox9 in development. Although several downstream
targets of Sox9 are known, many others remain to be identiﬁed. A
genome-wide screening for the identiﬁcation of targets provides a
fruitful method for recognizing previously unknown targets, and
hence for identifying unrecognized functions of Sox9. To implement
this strategy, we compared the gene expression proﬁle of wild-typeand sox9-deﬁcient mutant embryos using a microarray representing
16,228 gene clusters. Because Sox9 generally acts as a transcriptional
activator (Südbeck et al., 1996), we focused on genes whose
expression was down-regulated in mutant embryos. We identiﬁed
several types of candidate target genes, including genes expressed in
cartilage, retina, and pectoral ﬁn bud. A comparison of sox9 expression
patterns in the retina to the phenotypes of sox9 mutants and the
expression patterns of candidate targets inwild-type and sox9mutant
embryos uncovered a previously unrecognized requirement for Sox9
in development of the retina.
Down-stream targets of Sox9
Microarray is a powerful tool to identify genes whose expression is
different among experimental groups (Schena et al., 1995; Hoheisel,
2006). Expression differences between groups could arise due either
to direct, primary effects, or to subsequent, secondary effects. A direct
12 H. Yokoi et al. / Developmental Biology 329 (2009) 1–15target of Sox9 should be co-expressed with sox9 in space. A secondary
target would be turned on in response to a primary target in a
regulatory cascade, and so might be ﬁrst expressed well after sox9 or
be expressed in cells that do not express sox9. To conﬁrm microarray
results, we compared the expression patterns of candidate genes and
sox9 genes among wild-type, sox9a, sox9b and sox9a;sox9b double
mutant embryos by whole mount in situ hybridization. Our micro-
array experiments identiﬁed potential Sox9 target genes in two major
developmental processes, skeletogenesis and retinogenesis, as well as
several genes likely to represent secondary effects.
Targets involved in skeletogenesis
Microarray analysis showed that the collagen genes col2a1a and
col11a2 were down-regulated in mutants. Because the mouse and
human orthologs of col2a1a and col11a2 are well characterized direct
targets of Sox9 (Bell et al., 1997; Lefebvre et al., 1997; Ng et al., 1997;
Bridgewater et al., 1998; Bi et al., 1999; Sekiya et al., 2000), these genes
validate the method. Indeed, it has already been shown in zebraﬁsh
embryos that the expression of col2a1a is down-regulated in sox9a,
sox9b and double mutant embryos (Yan et al., 2005).
This study presents the ﬁrst description of col11a2 expression in
zebraﬁsh. At 2dpf, col11a2 was expressed in neurocranial cartilages,
pharyngeal cartilages, otic vesicle and pectoral ﬁn bud. This expres-
sion pattern is consistent with mouse Col11a2, which is expressed in
cartilaginous tissues, such as chondrocranium, hyoid, Meckel's, and
limb cartilages (Sugimoto et al., 1998). Our results showed that the
expression of zebraﬁsh col11a2 was affected differently in sox9a,
sox9b, and sox9a;sox9b double mutant embryos. Thus, we conclude
that sox9a and sox9b both regulate col11a2 expression in tissues in
which each sox9 gene is expressed. After the sox9 gene duplication
event, regulatory elements controlling the expression of sox9 co-
orthologs apparently partitioned in a tissue-speciﬁc fashion, but the
Sox9 proteins encoded by sox9a and sox9b retained the ability to
regulate col11a2, presumably by binding to regulatory sites for the
col11a2 gene. Other known or potential Sox9 targets, like aggrecan,
hyaluronan and proteoglycan link protein 1b (hapln1b), runx2a and
runx2b were not spotted on the array.
Targets involved in retinogenesis
Microarray analysis detected down-regulation of genes expressed
in the retina, including calb2a, calb2b, crx, neurod, rs1, sox4a and
vsx1; whole mount in situ hybridization experiments conﬁrmed
reduced expression of these genes in mutant retinas. Our analysis
revealed the detailed expression pattern of calb2a, calb2b, rs1 and
sox4a in developing retina, which had not previously been character-
ized in detail, although some data had been deposited in the high-
throughput expression database in ZFIN (Rauch et al., 2003; Thisse
and Thisse, 2004).
In situ hybridization results for calb2b were similar to the
previously reported antibody staining for the Calretinin, which labels
ganglion, amacrine and bipolar cells (Bernardos et al., 2005). Although
calretinin is an alternative name for calb2a in zebraﬁsh, the popularly
used anti-Calretinin polyclonal antibody (AB5054 from Chemicon
International, Temecula, CA) seems likely to recognize also Calb2b in
zebraﬁsh. Mouse Calretinin (Calb2) is a marker for ganglion and
amacrine cells in retinas, and the same cell types express calb2b in
zebraﬁsh. Expression results suggest evolutionary models: the
ancestral expression domain of Calb2 was in ganglion and amacrine
cells of the retina, and that this pattern was preserved by Calb2 in
mouse and by calb2b in zebraﬁsh, while zebraﬁsh calb2a might have
acquired an expanded expression domain in the inner nuclear layer of
the retina. Another possible model would be that the ancestral Calb2
was expressed in a pattern that equals the sum of the zebraﬁsh calb2a
and calb2b domains, that these domains partitioned between twozebraﬁsh calb2 genes, and that the mouse lineage preserved only the
ganglion and amacrine expression domains.
Human RS1 is associated with X-linked retinoschisis, a common
form of macular degeneration (Sauer et al., 1997). Rs1 encodes a
protein containing a single discoidin domain shared with receptors for
collagen (Vogel, 1999; Vogel et al., 2006). Although it has not been
shown that Rs1 protein interacts with collagen, Rs1 is interesting as a
candidate target for Sox9 because the collagens Col2a, Col9a1 and
Col11a2 are known as Sox9 targets (Bell et al., 1997; Lefebvre et al.,
1997; Ng et al., 1997; Bridgewater et al., 1998; Bi et al., 1999; Sekiya et
al., 2000; Zhang et al., 2003; Genzer and Bridgewater, 2007). Mouse
Rs1 is down-regulated in the retina of Crx knockout mice (Livesey et
al., 2000; Blackshaw et al., 2001). The down-regulation of zebraﬁsh
rs1 in sox9 mutant retinas could thus either be a secondary effect
due to the primary down-regulation of crx, or it might directly result
from regulation by Sox9.
In zebraﬁsh, crx is expressed in proliferating retinal progenitors
and its expression was diminished in sox9b mutants. Our preliminary
comparative genomic analyses identiﬁed a conserved non-coding
element (CNE) near the crx gene that has Sox9 consensus binding
sites (data not shown). Although we haven't conﬁrmed its enhancer
activity on crx gene expression, it is possible that Sox9 binds to these
cis-elements and directly activates crx gene expression.
Our result showed that expression of vsx1 became down-regulated
in sox9b mutants, and it has been published that expression of vsx1
also down-regulates in zebraﬁsh crx morpholino injected embryos
(Shen and Raymond, 2004). Thus, the reduction in vsx1 expression in
sox9bmutant embryos could result from either a direct effect of sox9b
loss or a secondary effect caused by the reduced crx activity that is
associated with loss of sox9b. Both crx and vsx1 have predicted Sox9
binding sites (data not shown), as expected by the hypothesis that
they are directly regulated by Sox9.
A. novel function for Sox9 in retinal development
The retina of zebraﬁsh, human, and other vertebrates consists of
seven major cell types: six types of neurons and a glial cell type, all of
which differentiate from the neural epithelium (Malicki, 2000;
Stenkamp, 2007). In zebraﬁsh, retinal neurogenesis proceeds sequen-
tially; ganglion cells are generated from 24 to 36 hpf, cells of the inner
nuclear layer arise from 36 to 48 hpf, and outer nuclear layer cells are
born from48 to 60hpf (Stenkamp, 2007). Differentiation initiates in the
ventral retina and then spreads dorsally around over time (Fadool and
Dowling, 2008; Stenkamp, 2007). One of the zebraﬁsh sox9 genes,
sox9b, begins to be expressed in the eye by 24 hpf (Chiang et al., 2001),
and at 2 dpf, localizes to the ciliary marginal zone of the retina, where
retinal progenitors proliferate. In the retina of sox9b mutants, expres-
sion of candidate genes was severely reduced at 2 dpf in the outer
nuclear layer, inner nuclear layer and ganglion nuclear layer, suggested
that sox9b is required for differentiation of most of the retina. Although
the expression of candidate genes became milder at 3 dpf, gene
expression close to the ciliary marginal zone was still reduced, and
Müller glial cells and photoreceptor cells were diminished in number
and were disorganized in location at 5 dpf. Considering the expression
pattern of sox9b, the expression of candidate genes in sox9b mutants,
and the phenotype observed in the retina of sox9b mutants, we
conclude that sox9b is essential for retinal development. The require-
ment of sox9b for retinal development ismost prominent at 2 dpf, and it
becomes less essential at 3 dpf but still required for organization and
proliferation of Müller glial cells and photoreceptor cells; thus, these
results uncover a novel function for Sox9.
Evolution of functions of zebraﬁsh Sox9 co-orthologs
After gene duplication, preserved duplicates often experience
reciprocal loss of gene subfunctions (Force et al., 1999; Postlethwait et
13H. Yokoi et al. / Developmental Biology 329 (2009) 1–15al., 2004), for example, the zebraﬁsh Sox9 co-orthologs, sox9a and
sox9b, appear to have partitioned the ancestral craniofacial skeleton
expression domain between the two genes. In other domains, both
duplicates preserve ancestral functions, for example, both sox9a and
sox9b are expressed in the otic vesicle. Because Col11a2 is a direct
target of Sox9 (Bridgewater et al., 1998; Liu et al., 2000), and also
because col11a2 was isolated as a candidate sox9 target in this study,
the expression of col11a2 would be a good marker for visualizing
functions of sox9, and for tracing the partitioning of subfunctions
between sox9a and sox9b.
In the neurocranium, the ethmoid plate expresses sox9a but not
sox9b, and the ethmoid plate is deleted in sox9a mutants but not in
sox9b mutants; thus, our results show that col11a2 expression in the
ethmoid plate depends on sox9a but not sox9b. On the other hand,
wild-type pharyngeal arches express both sox9a and sox9b, with
sox9a in the mesenchyme and sox9b in the epithelium (Yan et al.,
2005), but neither sox9a nor sox9b single mutant embryos express
col11a2 in pharyngeal arches. This result shows that the activity of
both Sox9 co-orthologs is required in the pharyngeal arches to
regulate col11a2. Both sox9a and sox9b are expressed in the otic
vesicles, but in different, though overlapping domains (Chiang et al.,
2001; Yan et al., 2005). Likewise, sox9a and sox9b single mutant
embryos both express col11a2 in the otic vesicle, but in somewhat
different patterns, and the function of both genes must be missing to
ensure that the entire ear is gone. This result shows that, like the
pharyngeal arches, the two Sox9 co-orthologs likely induce col11a2
expression in the domains of the otic vesicle in which they are
expressed. We conclude that the regulatory relationship between sox9
genes and col11a2 differs among tissues: sox9a is sufﬁcient for col11a2
expression in the ethmoid plate, both sox9a and sox9b are essential in
pharyngeal arches, and each of the duplicates controls col11a2
expression in different parts of the otic vesicles.
Although Sox9 function in the eye is not yet well characterized in
mouse or human, in mouse, Sox9 protein is expressed in eye
(Ihanamäki et al., 2002), and human patients heterozygous for
dominant SOX9 mutant alleles sometime experience reduced eye
function (Mansour et al., 2002). These results suggest that the
requirement of Sox9 in retinal development is conserved among
vertebrates.
We propose that a requirement for Sox9 function in retinal
development already existed in the last common ancestor of tetrapods
and teleost ﬁsh, and that after the genome duplication in the teleost
ﬁsh lineage, retinal function mostly partitioned to sox9b, which now
acts to control cell numbers and organization during retinal develop-
ment by activating, directly or indirectly, genes identiﬁed by our
expression proﬁling study. Future experiments should be directed
towards the identiﬁcation of speciﬁc DNA elements responsible for
this newly discovered role of Sox9.
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